The objective of this study was to determine the effects of low tannin sorghum as a maize replacement on the performance and bone morphometrics of Ross 308 broiler chickens. A total of 250 one-day-old broiler chickens were allotted to a complete randomized design with five treatments replicated five times. Birds were offered varying sorghum levels as maize replacement at 0% (control), 25%, 50%, 75% and 100%, formulated to be isonutritive and isoenergetic. The condensed tannin and total phenolic contents of the sorghum were analysed. Bodyweight and feed intake were measured weekly to calculate feed conversion ratio (FCR), and mortality was recorded as it occurred. Digestibility measurements were done when the chickens were between 15 and 21 days and between 35 and 42 days old. At ages 21 and 42 days, two chickens per pen were slaughtered to determine bone characteristics. A digital calliper was used to measure the length and diameter of the bones, and an electronic scale was used to determine the weight of the bones. Ash, calcium and phosphorus concentrations of the bones were determined. The Seedor and robusticity indices of the tibia were also calculated. The general linear model procedure of Statistical Analysis Software was used to analyse the data. At 1 -21 days old bodyweight was higher for birds fed a level of 50% sorghum than those that were offered the control diet. Replacing maize with sorghum improved the metabolizable energy (ME) of broiler chickens aged 42 days. Bodyweight and FCR of birds fed diets with 50%, 75% and 100% sorghum were higher and better, respectively, than those on diets with 25% and 0% sorghum at 22 -42 days old. Bone morphometries of chickens aged 1 -21 days and 22 -42 days were not affected by replacing maize with sorghum. Thus, maize can be replaced by a low tannin white sorghum without causing adverse effects on chickens.
Introduction
Maize is high in energy compared with other cereal grains and has multiple uses, but maize production requires higher water supply, so its use in drier areas, such as most of Africa, may be limited in the future (Travis et al., 2006) . The inadequate and unpredictable production of maize and the intense competition among maize-based industries in South Africa have resulted in expensive poultry diets (Mabelebele et al., 2015) . Alternative energy feed sources such as sorghum can be used for broiler diets to improve their productivity and reduce costs. These grains can be produced economically in relatively hot and dry climates, and can be used for human consumption and animal production (Sedghi et al., 2011) . Compared with maize, sorghum is drought tolerant and can be grown successfully on relatively poor soils low in moisture. The ME and CP level of sorghum are 3270 kcal/kg and 9.5%, respectively, which is comparable with 3319 kcal/kg ME and 10.1% CP content of maize (Nyamambi et al., 2007) . The percentages of ash and fibre of sorghum are higher than those of maize. It has been documented that sorghum is relatively similar in cost to maize compared with other cereals such as wheat (Dicko et al., 2006) .
The whole sorghum grain consists of about 12% protein, 75% starch, 4% fat and 4% minerals compared with maize grain (Rajashekher et al., 2003) . However, recommendations on the use of sorghum grain in broiler production are complicated because of the presence of condensed tannins, which result in poor feed efficiency in poultry. Plant breeders have developed better varieties over the years to reduce these limitations. The impact of new strains of sorghum on the productivity of chickens is not yet known. One example is the variety, Macia, which is a low-tannin sorghum variety discovered in Tanzania around 1997, as having a high drought tolerance and is likely to produce a crop even in years of less than average rainfall.
Macia is a white grained variety that contains low tannin. It has a grain size of 98.9 mm, 1000 kernel weight of 20.3 g and grain textures of 52.5% (corneous), 40.0% (intermediate) and 7.5% floury. It has a protein content of 6.9 (nitrogen × 6.25 g/100 g dry weight basis (dwb)), total phenols of 0.12 g catechin equivalents/100 g dwb, and condensed tannin content of 0.01 g catechin equivalents/100 g dwb (Adetunji et al., 2013) . It has been shown to be a good variety to be included in chicken diets because more than 1% condensed tannin in sorghum is regarded as high in poultry nutrition (Parthasarathy et al., 2005) . Therefore, the objective of this experiment was to investigate the effect of replacing maize with the low-tannin white sorghum, Macia, on performance and bone morphometrics of male Ross 308 broiler chickens.
Materials and Methods
This study was conducted at the Animal Unit of the University of Limpopo, South Africa, in April and May 2016. The ambient temperatures around the study area ranged between 20 °C and 36 °C in summer and between -5 °C and 28 °C in winter (Shiringani, 2007) . The University of Limpopo lies at latitude 27.55 °S and longitude 24.77 °E. It receives mean annual rainfall of less than 400 mm (Kutu & Asiwe, 2010) . The sorghum used in the study was a white Macia variety sourced from the Agricultural Research Council of South Africa in Potchefstroom, and was selected because of its colour and tannin content. After the sorghum had been harvested, the grains were field dried to less than 14% moisture content.
A total of 250 one-day-old male Ross 308 broiler chickens, weighing 42.1 ± 3 g, were randomly assigned to a complete randomized design with five treatments (sorghum levels) that were replicated five times with 10 birds per replicate. The sorghum replacement levels were 0%, 25%, 50%, 75% and 100%, with diets formulated to be isonutritive and isoenergetic. The diets contained 16.5 MJ energy/kg DM, 21.5% CP, 17.5 MJ energy/kg DM and 20% CP (Tables 1 and 2 ) as recommended by NRC (1994) for chickens of 1 -21 days and 22 -42 days old, respectively. The chickens were given feed and water ad libitum. Sorghum tannin content was determined according to the method of Price et al. (1978) and expressed as milligrams of catechin per 100 g sample. The total phenolic concentration of the sorghum was determined with the FolinCiocalteu assay (Singleton & Rossi, 1965) . Proximate analyses for ash, crude protein (N × 6.25) and fat were carried out according to the standard methods of AOAC (2012). Neutral detergent fibre (NDF) and acid detergent fibre (ADF) were established according to the methods of Van Soest et al. (1991) . The Animal Ethics Committee of the University of Limpopo approved the experiment (number AREC/01/2017: PG). All management and procedures in this study were carried out in strict accordance with the requirements of the University of Limpopo Code of Practice for Experimental Animals. The initial bodyweights of the birds were taken with an electronic weighing scale at the beginning of the experiment and then at weekly intervals. Data on feed intake were measured by subtracting the weight of feed leftovers from that offered per day. Feed conversion ratio was calculated as the total amount of feed consumed divided by the weight gain of the chickens. Digestibility was done when the chickens were 21 and 42 days old. Digestibility was conducted in specially designed metabolism cages with separate watering and feeding troughs. Four birds were randomly selected from each replicate and transferred to the metabolism cages to measure apparent digestibility. A three-day acclimatization period was allowed prior to a three-day collection period. Droppings voided by each bird were collected daily at 09:00. Care was taken to avoid contamination from feathers, scales, debris and feed. Dry matter and nitrogen contents of the diets, refusals and faeces were determined (AOAC, 2012). The gross energy of the diets and excreta samples were determined with adiabatic bomb calorimetry. The apparent ME contents of the diets were calculated (AOAC 2012) .
At the ages of 21 and 42 days, two chickens per pen were slaughtered by cervical dislocation in accordance with the regulations of University of Limpopo Animal Research Ethics Committee (AREC/01/2017:PG). A total of 80 right tibia from male Ross 308 broiler chickens of both ages were obtained and cleaned of the muscles by boiling them in deionized water for 10 minutes. For morphometric analysis, the bones were weighed (g) with a precision scale (RADWAG, model PS 750/C/2). The length and width of the bones were determined using a measuring tape and a digital calliper (OMNI-TECH, SHA120). Tibia length was measured from the proximal end to the distal end and the width at the medial diaphysis. Then, the bones were dried at 100 °C for 24 hours and weighed again. The bones were subsequently ashed at 600 ˚C overnight, cooled in a desiccator, and weighed. The ash was acid-digested by adding 1 mL 55% (v/v) nitric acid (HNO 3) . After cooling, calcium and phosphorus concentrations were determined (AOAC, 2012) using inductively coupled plasma spectroscopy. Geometric parameters (Seedor and robusticity indices) of the bones were determined and the thickness of the medial and lateral walls was measured at the midpoint mark using a dial calliper. The Seedor index was obtained by dividing the tibia weight by its length (Seedor et al., 1991) . The robusticity index was determined with this formula (Reisenfeld, 1972) :
Robusticity index = bone length/cube root of bone weight Data on feed intake, bodyweight, FCR, digestibility, N-retention and tibia length, weight, diameter, ash, calcium phosphorus and bone geometric analysis were analysed using the general linear model (GLM) procedure of statistical analysis of variance (SAS, 2008) . 
Results and Discussion
In the present study, white sorghum had higher levels of CP, ash and fat than yellow maize meal. This is similar to observations by Ahmed et al. (2013) , who reported that the CP level in sorghum meal was higher than in yellow maize. Yellow maize meal had higher ADF and NDF levels than sorghum meal. This is similar to the observation made by NRC (2012) . No traces of tannins were found in yellow maize (Table 3) . However, low levels of tannins were found in the sorghum in the present study and were similar to those reported by Adetunji et al. (2013) on the same sorghum line. The results of sorghum replacement level on performance measurements at the starter and grower phases are reported in Table 4 . In the current study, sorghum replacement level did not affect (P >0.05) feed intake, FCR and N-retention of broiler chickens aged 1 -21 days. These findings are similar to those of Nyamambi et al. (2007) , Ambula et al. (2001) and 198 a, b, c Means in the same row that do not share a common superscript are significantly different (P <0.05) SEM: standard error of the mean FCR: feed conversion ratio; ME: metabolisable energy; N-retention: nitrogen retention Sonia et al. (2015) , who observed that when replacing maize with sorghum there were no effects on feed intake and feed conversion ratio of broiler chickens aged 1 -21 days. In addition, Torres et al. (2013) reported no significant differences in performance measurements among the treatments at 1 -21 days old. Although bodyweight in the present study was higher (P <0.05) for birds that were offered the sorghum replacement level of 50%, Torab (2008) indicated that the bodyweight of broiler chickens fed up to 100% low-tannin content was higher than those on maize diets. These data agree with those of Sonia et al. (2015) and Torres et al. (2013, all of whom indicated no adverse effects of low-tannin sorghum on broiler performance. In the current study, sorghum replacement level at age 22 -42 days did not affect (P >0.05) the feed intake and N-retention of broiler chickens. Replacing maize with sorghum improved the ME of broiler chickens aged 42 days. However, bodyweight and FCR of birds given 50%, 75% and 100% sorghum were higher and better (P <0.05), respectively, than those on 25% and 0%. Contrary to these findings, Tandiang et al. (2014) reported that FCR and bodyweight were lower and higher for broiler chickens on maize and 100 % low tannin sorghum-based diets, respectively. Torres at al. (2013) indicated that weight gain and FCR at 42 days old were better in birds fed a low sorghum diet than in those fed a high sorghum diet.
The results of tibia bone weight, length and diameter, and ash, calcium, phosphorus contents and bone geometric analysis of Ross 308 broiler chickens aged 1 -21 days and 22 -42 days are presented in Tables 5 and 6 , respectively. The results showed that replacing maize with a low-tannin white sorghum did not affect (P >0.05) weight, length and diameter and ash, calcium, phosphorus contents and bone geometric analysis of Ross 308 broiler chickens. The current results are consistent with those of Chiripasi et al. (2013) , who did not find significant differences in bone lengths and widths of broiler chickens fed sorghum-, millet-and maize-based diets. However, they are contrary to those of Chiripasi et al. (2013) , who found a decrease in calcium and phosphorus contents of birds fed diets containing sorghum compared with those fed millet-or maize-based diets. Sorghum is known to contain anti-nutritional factors such as tannins and phytates, which reduce availability and utilization of minerals in poultry (Pinter et al., 2005) . The present results are contrary to those of Moreki et al. (2011) , who reported that tibia lengths in broiler chickens fed sorghum-based diets increased with an increase in sorghum inclusion. The current results on bone ash are contrary to those of Moreki & Kelemogile (2012) , who reported a decrease in bone ash in broilers fed sorghum-based diets. The authors indicated that a decline in bone ash could be associated with an increase in cereal grains (maize, millet and sorghum) in the diets of the birds, which tend to displace calories provided by other feed ingredients, thus disrupting the adequate nutritional balance, which affects bone growth and development.
Conclusion
It can be concluded that maize in the diets of broiler chickens aged 1 -42 days can be replaced with a low-tannin white sorghum at 25%, 50%, 75% and 100% levels without adverse effects on productivity and the bone morphometrics of the chickens. Thus, a combination of sorghum and other energy sources could enhance the effective utilization of sorghum in poultry feed. This augurs well for poultry farms in many rural areas of Africa where sorghum production is good.
